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ABSTRACT: We describe the development of a strategy for construction of quaternary carbon stereocenter of α-tertiary amines. 
This strategy highlights a site-selective C–H functionalization involving an alkoxy radical triggered-1,5-hydrogen transfer (1,5-HAT) 
reaction of a conformationally fixed spiro-compound derived from trishydroxymethylaminomethane (Tris). The utilization of this 
strategy enabled an enantioselective total synthesis of myriocin, a naturally occurring sphingosine analog that displays potent immu-
nosuppressive activity. 
Chiral α-tertiary amines are widely found in a variety of com-
plex biologically active natural products, such as myriocin, 
salinosporamide A or tetrodotoxin, where multiple functional 
groups are included in the congested structures (Figure 1). The 
development of methods for constructing chiral α-tertiary 
amines has been tackled by many researchers,1 and most of 
these methods rely on C–C or C–N bond formation. For in-
stance, palladium-catalyzed asymmetric alkylations of azlac-
tones with Trost ligands have allowed the assembly of these 
motifs through C–C bond formation.2 Kumagai and Shibasaki 
et al. have developed an asymmetric amination of carbonyl 
compounds using a lanthane-based ternary asymmetric catalyst 
to construct a stereogenic α-tetrasubstituted amine through C–
N bond formation.3 On the other hands, a desymmetrization-
based synthetic approach can construct a chiral quaternary car-
bon without forming a new bond at the congested carbon center. 
Typically, lipase-catalyzed desymmetrization of two hydroxy 
groups and transition-metal-catalyzed desymmetrization of two 
carbon-carbon double bonds have been frequently utilized for 
the synthesis of complex natural products.4  However, to our 
knowledge the synthesis of an optically active α-tertiary amine 
based on a desymmetrization approach using C–H bond func-
tionalization has not been reported.1b 
Trishydroxymethylaminomethane (Tris), which is readily 
available and extensively used as a reagent for biological exper-
iments, is a characteristic densely decorated small molecule 
with an α-tertiary amine motif and three equivalent hydroxyme-
thyl groups. We focused on Tris as a viable starting substrate 































Figure 1. Structures of Myriocin and Natural Products with Chiral 
α-Tertiary Amines 
Scheme 1. Strategy for the Construction of the Quaternary 








(3) Site-selective C-H      functionalization(1) Functionalization of      a hydroxymethyl group








 Scheme 2. Strategy for the Construction of the Quaternary Carbon Stereocenter of Myriocin and the Product Distribution of the 
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Boc = tert-butyloxycarbonyl, DMP = 2,2-dimethoxypropane, 
TMAD = N,N,N',N'-tetramethylazodicarboxamide, NMO = N-
methylmorpholine N-oxide, NIS = N-iodosuccinimide, ND = Not 
detected. 
 
of α-tertiary amines (Scheme 1). Thus, (1) functionalization of 
any one of the hydroxymethyl groups in Tris, (2) introduction 
of a chiral group, followed by (3) site-stereoselective C–H func-
tionalization of one of the remaining hydroxymethyl groups 
would allow the efficient construction of the desired stereogenic 
center, reducing the number of steps for the C–C/C–N bond for-
mation. We planned to use an alkoxy radical triggered-1,5-hy-
drogen transfer (1,5-HAT) reaction5 for selective C–H bond 
functionalization controlled by the preinstalled chiral moiety 
(the group in blue, Scheme 1).6 The key to success of this tactic 
is the site-selective functionalization of the desired C–H bond 
in the presence of various functional groups. 
We chose myriocin (1) for a model study to evaluate this 
working hypothesis. Myriocin (1) is a natural sphingosine ana-
log isolated from the thermophiles Myriococcum albomyces, 
Mycelia sterilia or Isaria sinclairii,7 which has a polar moiety 
with three consecutive stereogenic centers including a chiral α-
tertiary amine. Myriocin exhibits 10 to 100 times the immuno-
suppressive activity of cyclosporin A, and also has serine pal-
mitoyltransferase inhibitory activity, which is a key enzyme of 
the sphingosine metabolic pathway.7c, 8 The biological 
importance of myriocin, as well as the challenge of its structural 
complexity, have inspired the development of numerous 
methods for the synthesis of myriocin.9 Our strategy is shown 
in Scheme 2. A key precursor 3 would be prepared through 
olefination, asymmetric dihydroxylation and oxazolidinone 
formation, starting from the known Tris-derived aldehyde 2.10 
We expected the 1,5-HAT-mediated site-selective C–H func-
tionalization11 of the spiro compound 3 to provide ready access 
to the three consecutive stereogenic centers of myriocin 
(3→A→B→4). Transformation of 4 to myriocin (1) would be 
then performed via carbon chain elongation of R1 group and ox-
idation. The alkoxy radical in the intermediate A would be spa-
tially accessible to the C–H bond of only one hydroxymethyl 
group because of the conformationally restricted spirocyclic 
structure. The 1,5-HAT reaction used in this strategy proceeds 
via an extremely unstable alkoxy radical, and therefore, may 
compete with other undesired side reactions. For example, β-
scission from the alkoxy radical A [path (b) and (c)] would pro-
vide the side-products 5 and 6 via the radical intermediates C 
and D, respectively. Additionally, an undesired 1,5-HAT reac-
tion might occur at the C–H bond on the side chain [path (d)]. 
Therefore, setup of appropriate reaction conditions and sub-
strates is crucial for enabling the desired transformation in the 
presence of various functional groups.  
Initially, we examined the appropriate alkoxy radical 
precursor for the site-selective C–H functionalization reaction. 
 Alkoxy radical chemistry is widely used in organic synthesis,5a, 
12 and various precursors for alkoxy radicals have been 
developed.13 Among these, we chose N-alkoxyphthalimide and 
hypoiodite, easily generated from the corresponding alcohol, as 
precursors for alkoxy radicals. However, despite several 
attempts, we could not obtain the substrate 3-phth bearing an 
N-alkoxyphthalimide group (Scheme 2) because of the low 
reactivity of the hindered hydroxy group. Thus, we decided to 
use hypoiodite for the generation of alkoxy radical.  
The synthesis of racemic substrate 3a is shown in Scheme 3. 
The known aldehyde 2 was easily prepared from Tris using a 
modified literature procedure.10 The Horner–Wadsworth–
Emmons reaction of aldehyde 2 followed by the reduction of 
the ester group gave the allyl alcohol 8. The hydroxy group was 
converted to a cyano group through a Mitsunobu reaction. 
Dihydroxylation of alkene 9 with OsO4 and oxazolidinone 
formation provided the precursor 3a for site-selective C–H 
functionalization. We next investigated the C–H 
functionalization of substrate 3a using iodine reagents, which 
are well known to be used for generating an alkoxy radical from 
a hydroxy group under visible light irradiation. Irradiation of 3a 
using LED lamp (Aldrich Micro Photochemical Reactor) in the 
presence of NIS did not give the desired product. By changing 
the iodine source from NIS to I2/PhIO, a trace amount of the 
desired product 4a was obtained. In contrast, the use of 
PhI(OAc)214 provided 4a in 50% yield as a single diastereomer. 
We next examined the C–H functionalization reaction with 
various substrates 3b–e (Table 1) to optimize the substrate for 
the total synthesis and to reveal any inherent limitations of the 
reaction. The reaction of 3b with I2 and PhI(OAc)2 in CH2Cl2 
under LED irradiation gave the desired product 4b in low yield 
(entry 1, 11%). The anticipated side products 10 and 11 were 
also observed, which can be formed through β-scission from the 
alkoxy radical [pathway (b) or (c) shown in Scheme 2]. 
Changing the solvent to cyclohexane inhibited the generation of 
side product 10 and improved the yield of the desired product 
(entry 1, 16%). Boc protection of the NH group slightly 
increased the yield (entry 2, 22%). The substrate 3c with two 
additional methylene units to 3b, also provided the desired 
product 4c in low yield (entry 3, 25%), along with a side product 
obtained through the undesired abstraction of the C–H bond 
adjacent to the OTBDPS group [pathway (d) shown in Scheme 
2]. In contrast, the substrate 3d with one additional methylene 
unit to 3b, underwent selective functionalization at the desired 
position to give compound 4d in moderate yield (entry 4, 63%). 
The structure of 4d was characterized by X-ray crystallography 
of its TBDPS-deprotected derivative 15 (see: Scheme 4 and 
Supporting Information). The Boc-protected substrate 3d’ also 
showed a comparable yield to that of 3d (entry 5, 66%). The 
substrate 3e (a diastereomer of 3d) and the corresponding Boc-
protected substrate 3e’ were subjected to the same reaction 
conditions to provide the desired products 4e and 4e’ in 45% 
and 64% yields, respectively. These results indicated that the 
design of appropriate substrates is critical for achieving the 
desired transformation, while suppressing the unwanted β-
scission and 1,5-HAT reactions, although the stereochemistry 
at the C4 position has little influence on the reaction progress. 
















































































































































































a Aldrich Micro Photochemical Reactor with blue LED light (435-
445 nm) was used as the LED lamp, b Isolated yields. Isolated 
yields using CH2Cl2 as solvent are shown in parentheses, c 
NaHCO3 was used as an additive. 
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KHMDS = potassium bis(trimethylsilyl)amide, DME = 1,2-dimethoxyethane, (DHQD)PHN = dihydroquinidine 9-phenanthryl ether, TBAF 
= tetrabutylammonium fluoride, NaHMDS = sodium bis(trimethylsilyl)amide, TBAI = tetrabutylammonium iodide 
 
We next turned our attention to the enantioselective total 
synthesis of myriocin. First, we examined the synthesis of 
optically active 3d, the optimized substrate for the key C–H 
functionalization reaction (Scheme 4). The Julia–Kocienski 
olefination15 of aldehyde 2 gave the desired alkene 13 in high 
yield (88%) with excellent E-selectivity (E:Z = > 99:1). Next, 
we investigated the Sharpless asymmetric dihydroxylation16 of 
alkene 13. After various experimentations, the best result was 
obtained using (DHQD)PHN17 as the ligand, and t-BuOH/H2O 
as the solvent, to afford the desired diol 14 in 90% yield, 87% 
ee. The recrystallization of diol 14 preferentially gave racemic 
crystals. The racemic crystals were removed, and the mother 
liquid of recrystallization was recovered to provide the optically 
pure diol 14 (99% ee). Subsequently, treatment of the diol 14 
with NaH furnished the oxazolidinone 3d in an optically pure 
form. The key 1,5-HAT reaction of the oxazolidinone 3d with 
I2 and PhI(OAc)2 in cyclohexane using a 40W Kessil LED lamp 
led to the formation of the desired product 4d in 70% yield, 
which was reacted with TBAF to give the corresponding 
alcohol 15. Next, installation of the side chain accompanying 
the formation of the E-alkene was examined. Dess–Martin 
oxidation of alcohol 15 followed by Julia–Kocienski olefination 
provided the desired coupling product 18 in a low yield as a 
geometrical mixture (E:Z = ca. 3:1, Scheme S4). We then 
prepared the terminal alkene 16 in 56% yield from compound 
15 to test the cross metathesis reaction for the introduction of 
the side chain.9n The reaction of compound 16 with 17 using 
Hoveyda-Grubbs II catalyst was successfully executed to afford 
the desired alkene 18 in 80% yield, in favor of the E-isomer 
(E:Z = 84:16). The alkene 18 was used in the next step as a 
mixture of isomers because of the difficulty in separation. Re-
moval of both the acetal groups of 18 gave the lactol, which 
underwent NIS-mediated oxidation18 to furnish the lactone 199k, 
a known intermediate for myriocin synthesis. The E-isomer of 
lactone 19 was obtained by HPLC separation, and all the spec-
troscopic data for 19 was in agreement with those reported in 
the literature ([α]26D +3.1 (c 0.35, CHCl3); lit. [α]22D +3.2 (c 
0.21, CHCl3)).9k Total synthesis of myriocin (1) was completed 
by hydrolysis of 19 with NaOH, according to the method of 
Chida et al.9k and Yakura et al.9n ([α]25D +4.8 (c 0.14, DMSO); 
lit.9n [α]23D +5.6 (c 0.30, DMSO)). Additionally, the treatment 
of compound 19 with NaOH followed by acetylation gave the 
known derivative 20 (Scheme 5), the optical rotation of which 
was also in accordance with the literature value ([α]26D +59.5 (c 
0.21, CHCl3); lit. [α]20D +53.6 (c 0.71, CHCl3)).9k 
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In conclusion, we have developed a strategy for generating 
the quaternary carbon stereocenter of α-tertiary amines through 
1,5-HAT-mediated regioselective C–H functionalization of Tris 
derivatives. The rational design of precursors allowed practical 
site-selective C–H functionalization via unstable alkoxy 
 radicals. Implementing this strategy, we have achieved an 
eleven-step total synthesis of myriocin from a known Tris-
derived aldehyde. Our findings thus provide insights into the 
utility of remote C–H functionalization through 1,5-HAT in 
densely functionalized substrates, and may contribute the 
design of synthetic route to complex compounds with chiral α-
tertiary amines without accompanying bond formation for 
construction of the quaternary carbon center. 
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